Vascular casting for scanning electron micro scopic studies on microvascular architecture is in common use for various visceral organs in the field of anatomy. However, only a few studies have been per formed on the brain using the previously reported casting method, and no detailed descriptions deal with suitable methodology for producing brain vascular casts. Our casting method, introduced here, for the CNS from the fetal to the adult stage involves the following modifica tions: (1) Perfusion fixation of the brain is carried out before injecting the plastic resin for casting into the ce rebral blood vessels; (2) digestion of nervous tissue is accomplished with a sodium hydroxide and sodium hy-
It is well known that cerebral microcirculation plays an important role in both the normal func tioning of and pathological changes in the CNS. Until now, most research into vascular morphology under these conditions of the brain has involved tissue cross sections using light microscopy (LM) and transmission electron microscopy (TEM). Scanning electron microscopy (SEM) has hardly contributed in this field; nevertheless, its compel ling advantages are that it has the high resolution and large depth of field necessary for morphological research. This allows precise analysis of the three dimensional extent and connections of the cerebral vascular architecture.
The methodology for producing vascular corro sion casts for SEM studies on various visceral or gans has advanced in the field of anatomy (Mu rakami, 197 1; Nowell and Lohse, 1974; Gannon, 1978; Hodde and Nowell, 1980) . In the CNS, some pochlorite solution; and (3) vascular casts are dried by a freeze-drying method, while the nondigested brain slices opposite the casts can be investigated with light micros copy and transmission electron microscopy. This modi fied casting method enables one to represent the micro vascular system of the rat brain three-dimensionally from embryonal day 17 onward. It is hoped that this method will prove to be a useful tool in morphological vascular research on the nervous system. Key Words: Cerebral microvascular architecture-Cerebrovascular develop ment-Scanning electron microscope-Vascular casting of CNS. studies on intracranial vessels involving this method have been reported (Hodde et aI. , 1977; Ta omoto et aI. , 1978; Anderson and Anderson, 1978; Miodonski et aI. , 1978 Miodonski et aI. , , 1979 Nakai et aI. , 1980; Duvernoy et aI. , 198 1) . However, most of these SEM studies fail to describe in detail, or dem onstrate by actual micrographs, the parenchymal microvasculature of the brain without artificial de fects in or collapse of the castings.
In practice, vascular casting of the brain appears to have technical problems different from those of other organs because of its anatomical features. It seemed worthwhile, therefore, to describe a more satisfactory method, which has been employed in our laboratory (Yoshida and Ikuta, 198 1; Yoshida et aI. , 198 1; Yoshida, 1983) , for studying the cerebral microvascular architecture of the rat brain from the developing stage to the adult stage.
MATERIALS AND METHODS

Production of vascular casts of adult rat brain
Wistar albino rats (200-300 g) were used as experi mental animals. They were anesthetized with pentobar bital sodium (5 mg/g body weight, i.p.), and artificial res-piration was perlormed through a tracheostomy. An in cision was made in the abdominal and thoracic walls, and a cannula (18 gauge) was inserted into the left ventricle.
After the aorta had been tied off between the aortic arch and the diaphragm, the right auricle was cut. At the same time, blood was removed by perlusion with Ringer's so lution, at 38°C, mixed with heparin (1,000 lUlL) with a Cole-Parmer Master Flex pump (Chicago, IL, U. S.A) at a flow rate of 50 ml/min. After the cannula was advanced up to the origin of the aorta and fixed with a silk suture, perlusion was carried out, first with a fixative of 3% glu taraldehyde in phosphate buffer solution (pH 7. 3, 38°C, 1-2 ml/g body weight). The animals were then cooled to 4°C with a cold fixative of identical composition.
Meanwhile, a base resin, at 4°C (Mercox CL-2R; Dai nihon Inc. K. K., To kyo, Japan), mixed with a polymer izer in the ratio 20: 1, was injected manually via the can nula into the origin of the aorta. The mixture was injected until the resin emerging from the right auricle no longer contained any fixing solution. During these procedures, continuous arterial pressure of the common carotid artery was repeatedly measured. Under general anesthesia the systemic arterial blood pressure was in the range of 110-120 mm Hg. During perlusion with the fixative using the pump (flow rate 50-75 ml/min), the pressure was in the range of 40-64 mm Hg. The pressure during manual in jection of the resin using a syringe ranged from 62 to 84 mm Hg. Therefore, the arterial pressure of the common carotid artery at the time of perlusion with the fixative and resin was below normal levels.
Afterward the animals were left at a low temperature for about 2 or 3 h until complete polymerization of the resin had occurred. The brain, including the dura mater, was removed carefully from the cranial cavity and cut serially in slices approximately 2 mm thick.
Slices for study were immersed in a 20% NaOH solu tion for about 12 h and then transferred to a 0. 5% NaCIO solution for about 4 days. Once the nervous tissue of the slice was completely dissolved, the remaining vascular casts were washed thoroughly in distilled water.
By using the simple vacuum system shown in Fig. 1 , the casts in water were rapidly frozen in liquid nitrogen and freeze-dried to avoid collapse or deformity due to the surlace tension at the water-air interface. The dried specimens were coated with gold in a vacuum evaporator and observed by SEM (Hitachi S-450, accelerating voltage 20 kV). Stereophotographs were taken with the specimen on a stand with a 10° slope.
To observe the histology of the slice next to the casts, a nondigested slice opposing the SEM specimen was em bedded in Epon 812 after postfixation in 1% OS04 and dehydrated in an ethanol series. Thick (-1 tJ-m) sections were stained with toluidine blue (Trump et al. , 1961) and safranine and used to select appropriate areas for thin sections. Thin sections were prepared, contrasted with uranyl acetate and lead citrate, and viewed by TEM (Hi tachi lIB, accelerating voltage 75 kV).
Application of method in the study of developing brain
The day on which rat vaginal smears showed sperm positivity was reckoned as day 1 of gestation, and the day of birth was denoted PI. An anesthetized pregnant rat was laparotomized, and the uterus was exposed. A small incision was made in the uterine wall in an area away from the placenta, and the fetus was delivered under a dissecting microscope. Care was taken to avoid the um bilical cord and to ensure maintenance of the fetal cir culation, and a small cannula (23 gauge) was inserted into the left ventricle after the chorion and amnion were dis sected and the thorax opened. Following a cut to the right auricle, the fixative, 1% glutaraldehyde in phosphate buffer solution at a temperature of 38°C, was perlused manually through a syringe connected with the cannula, while watching the distension of the heart. The fetus was rapidly bleached after circulation of the fixative and sub sequently became yellowish.
The fetus was cooled in a refrigerator and injected with resin. Although the total volume of injectant for a rat fetus on the 17th embryonic day was -2 ml, the volume of resin was enough to fill the umbilical vein. However, these procedures could be used from the 17th embryonic day onward because the resin had a higher viscosity than the blood, and high pressure was required to inject a suf ficient volume into the fetal heart and vessels, which were weak because of the age of the animal.
Dissolution of the brain was perlormed in the same manner as for adult brains, although half of the brain or the whole brain with skin and developing cranium must be used. Unneeded casts associated with the CNS were removed in the water before the freeze-drying. In multi plet animals such as rats this operative procedure can be completed in several minutes and thus can be perlormed repeatedly.
RESULTS
With the use of chemical agents, sodium hy droxide and sodium hypochlorite solutions, the ner vous tissue was dissolved, leaving vascular casts through which the macroscopic structures of the brain, such as the cerebral cortices, Ammon's horns, and the midbrain, were easily discernible from the networks of resin which had been injected into the vascular lumen through the arterial and ve nous systems (Fig. 2) . Similar results were also ob tained in the developing brain (Fig. 3) .
SEM study of these casts revealed that, under lower power magnification, three-dimensional casts of the small vessels were widely distributed in all parts of the brain. There were clear differences be tween the gray and white matter in the density and direction of the microvascular architecture (Fig. 9) . The vascular architecture, especially that of the capillaries, was well ordered in higher magnification observations of these casts in an area of the thal amus (Fig. 6) . These vessels usually showed sizes approximately equal in diameter (5-7 j.Lm), three dimensionally constant distances between each other, and branching into tributaries at similar dis tances (Fig. 6) . Anastomotic arches were not common components of the architecture, and ex tensive searching was required to reveal them.
On the other hand, the architecture of the devel oping brain varied in shape or pattern depending on the stage of cerebral development. For example, the microvasculature of the cerebellum on the fourth postnatal day, when the external granular cell layer is in the actively proliferating stage and the folia also in a forming stage, showed only a few visible small vessels in the parenchyma, but each of them was connected with anastomotic arches (Fig. 7) . In contrast to the intraneural network, there was a complex vascular network in the perineural space of the cerebellum which seemed to correlate with active development of nervous tissue (Fig. 8) .
Most of the intravascular resin of nondigested brain tissue, which was prepared for histological ex amination, melted during the course of tissue de hydration of a graded ethanol series. Therefore, thick or ultrathin sections were easily obtained from embedded specimens and showed the same staining properties with LM and TEM ( Figs. 4 and 5) . When the resin remained in part of the vascular lumina, it did not cause problems in the histological study.
DISCUSSION
Previous SEM studies on vascular casts from var ious visceral organs (Murakami, 197 1; Nowell and Lohse, 1974; Gannon, 1978; Murakami, 1978) have used similar methods: First, injection of plastic resin into the selected organ was made via the direct afferent artery or adjacent aorta without perfusion fixation; second, the surrounding tissue was suffi ciently dissolved using a sodium hydroxide solu tion; and third, drying of the casts was usually ac complished by air-drying. These seem to be fun damental procedures for vascular casting.
However, in cerebral vascular casting, these methods cannot always be used because the eNS has certain anatomical differences when compared to other organs, for example, being covered by the cranium and the spinal vertebrae and having a sin gularly high lipid composition that seems to affect the dissolving of brain tissue.
We would like to discuss briefly the main tech nical aspects of our method and describe the sig nificance of its application to the study of the de veloping brain.
Perfusion fixation and resin injection
The arguments for fixation of the brain by per fusion before injection with the resin according to our method are as follows: (1) The morphological features of the fixed vascular canals and walls can be preserved uniformly.
(2) The resin in the vascular bed supported by the fixed brain tissues prevents mechanical damage or deformity during the crani otomy and sectioning of the brain into slices. (3) The tissue slices can be used for LM or TEM studies.
The successful combination of perfusion of the brain and subsequent injection of the resin requires total emptying of blood from the vascular lumina before vascular casting. Incomplete perfusion gives rise to unsatisfactory fixation of brain tissue and to residual blood cells in the vascular lumina which results in artificial defects in the casts. It seems to depend on both technical factors and the various pathological conditions of the subjects. With regard to technical matters, many practical factors con cerning fluid irrigation during transcardial perfusion of the animals should be considered to obtain ide-ally fixed tissue specimens as described in some reports (Reese and Karnovsky, 1967; Brightman and Reese, 1969; Gannon, 1978) . Our experimental parameters, such as chemical composition, pH and temperature of the fixatives, and injection time and temperature of the resin, may not be absolute, but they all influence the success of the casting.
Another problem is the condition of the subjects. For example, in the early developing stage (Caley vascular casts from embryonic day 17 onward can be obtained using this casting method when both procedures, perfusion fixation and injection of resin, are used.
Dissolution of brain tissue
In our experience, it was very difficult to dissolve brain tissue fixed with a 10% Formalin solution by immersion in a bath of 20% N aO H solution for more than 3 weeks. The white matter was more difficult than the gray matter. Nevertheless, the tissues of other organs were easily dissolved using the same solution (Gannon, 1978) . This seems to be due to the high lipid composition of the brain.
Considering the resistance of the resin to alkaline solution, we found that sodium hypochlorite of an adequate concentration produced an excellent ef fect in dissolving fixed brain tissues and used it at �0.5% (wt/vol) at room temperature. It is safe and also economical. Its only fault is that it gives rise to chlorine gas, which subsequently forms bubbles in the dissolving specimen. This problem, however, can be resolved by immersing the specimen in a 20% NaOH solution for about 12 h before using a 0.5% NaCIO solution. The mechanism of this reac tion is unknown.
Drying method
The method for drying a specimen in water is of prime importance in carrying out this casting pro cedure, because the fine vasculature cannot with stand the surface tension of the water-air interface that occurs during the air-drying method. Two methods will be considered that avoid the surface tension which results in collapse or deformity of the microarchitecture.
The first is the critical-point drying method. Ac cording to Koller and Bernhard (1964) , liquid ni-. trous oxide (N20) is substituted for free water in the pressure chamber, and no organic agents are used. Although this seems to be an ideal method for this procedure, in practice the volume of appre ciable free water is so minimal that the water cannot be completely eliminated in a large specimen by using ordinary apparatus.
The second is the freeze-drying method. When a specimen containing water is put into liquid ni trogen and frozen rapidly to a temperature of -170°C, we can avoid alterations in the vascular architecture by increasing the water volume, which is at a maximum at about -20°C. Evacuation of the water from the frozen specimen is completed using a vacuum pump (5 x 10 -4 mm Hg) connected to a desiccator for about 3 h ( Fig. O. 
Cerebral vascular morphology and the vascular casting method
Although it is well known that the function of the nervous system is closely related to CBF and me tabolism, there is no precise interpretation of the three-dimensional microvascular anatomy of the brain. The argument seems to depend on the lack of practical methods to observe this anatomy. Craigie (1920 Craigie ( ,1921 calculated the total length of the capillaries in a unit volume of rat cerebral tissue and noted that the total length was much greater in the gray matter than in the white matter and differed greatly in different gray regions. His morphometric results, however, depended on the two-dimensional observation of sliced sections, 15-20 f1-m in thick ness, and did not consider the characteristics of the three-dimensional architecture of the different re gions in the cerebral parenchyma.
U sing our method, we found that the microvas culature of the gray and white matter of the adult rat brain showed clear differences in direction and density and also had a well-ordered arrangement of the vascular networks, as shown in the thalamus. Furthermore, the results demonstrated the appli cability of the method to the developing brain, pro vided that the casts at the stage of newly forming vessels were observed first with SEM. The cortical and subarachnoid vasculature of the early postnatal cerebellum seemed to be correlated with cytological development.
It is very interesting to know how the microvas culature is formed in the developing stage in order to interpret not only the complex vasculature of the adult brain but also the reactive microvascular changes in certain pathological conditions of the CNS. These include infarcts and neoplasms, among others. Such conditions are always accompanied by reactions of the microvessels in their processes of tissue repair and expansive enlargement. Indeed, we observed that the microvasculature of the ex perimental glioma had a close morphological simi larity in vascular proliferation to that of the cere bellar development of rats (Yoshida, 1983) . This means that study of the fetal brain is essential in elucidating the biological rules of anatomy and pa thology of the adult eNS.
In conclusion, this cerebral vascular casting method for SEM studies seems to be a useful tool in the field of vascular morphology of the brain.
